Abstract Post-mitotic central nervous system (CNS) neurons have limited capacity for regeneration, creating a challenge in the development of effective therapeutics for spinal cord injury or neurodegenerative diseases. Furthermore, therapeutic use of human neurotrophic agents such as nerve growth factor (NGF) are limited due to hampered transport across the blood brain barrier (BBB) and a large number of peripheral side effects (e.g. neuro-inflammatory pain/tissue degeneration etc.). Therefore, there is a continued need for discovery of small molecule NGF mimetics that can penetrate the BBB and initiate CNS neuronal outgrowth/regeneration. In the current study, we conduct an exploratory high-through-put (HTP) screening of 1144 predominantly natural/herb products (947 natural herbs/-plants/spices, 29 polyphenolics and 168 synthetic drugs) for ability to induce neurite outgrowth in PC12 dopaminergic cells grown on rat tail collagen, over 7 days. The data indicate a remarkably rare event-low hit ratio with only 1/1144 tested substances (\111.25 lg/mL) being capable of inducing neurite outgrowth in a dose dependent manner, identified as; Mu Bie Zi, Momordica cochinchinensis seed extract (MCS). To quantify the neurotrophic effects of MCS, 36 images (n = 6) (average of 340 cells per image), were numerically assessed for neurite length, neurite count/cell and min/max neurite length in microns (lm) using Image J software. The data show neurite elongation from 0.07 ± 0.02 lm (controls) to 5.5 ± 0.62 lm (NGF 0.5 lg/mL) and 3.39 ± 0.45 lm (138 lg/mL) in MCS, where the average maximum length per group extended from 3.58 ± 0.42 lm (controls) to 41.93 ± 3.14 lm (NGF) and 40.20 ± 2.72 lm (MCS). Imaging analysis using immunocytochemistry (ICC) confirmed that NGF and MCS had similar influence on 3-D orientation/expression of 160/200 kD neurofilament, tubulin and F-actin. These latent changes were associated with early rise in phosphorylated extracellular signal-regulated kinase (ERK) p-Erk1 (T202/Y204)/p-Erk2 (T185/Y187) at 60 min with mild changes in pAKT peaking at 5 min, and no indication of pMEK involvement. These findings demonstrate a remarkable infrequency of natural products or polyphenolic constituents to exert neurotrophic effects at low concentrations, and elucidate a unique property of MCS extract to do so. Future research will be required to delineate in depth mechanism of action of MCS, constituents responsible and potential for therapeutic application in CNS degenerative disease or injury.
Introduction
Standard treatments for neurodegenerative disorders such as Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis and Huntington's disease restore the balance of neurotransmitters enabling somewhat normal neuromotor function. While most drug regimens have capacity to improve quality of life, they do not address the underlying etiology of the disease and thereby do not arrest progressive degenerative processes. Although endogenous synthesis of trophic molecules such as nerve growth factor (NGF) [1] , brain-derived neurotrophic factor (BDNF) and neurotrophin-3/neurotrophin-4 can effectively stimulate neuronal growth/repair [2, 3] , therapeutic applications are limited due to a wide range of negative side effects such as neuropathic pain [4, 5] , bladder/urinary pain [6] , itchy skin (pruritus) atopic dermatitis [7] [8] [9] , deep tissue tenderness [10, 11] , exacerbated inflammatory conditions such as arthritis, asthma [10, 12, 13] , inter-vertebral disc degeneration [14] and cancer [15] [16] [17] . Furthermore, elevated levels of NGF in various neuronal tissue can lead to behavioral/cognitive disorders such as autism [18] , bipolar [19] and attention deficit/hyperactivity disorder. [20] Given the adverse systemic effects of NGF, in addition to its limited BBB transport [21, 22] , oral administration is not feasible. For that reason, research focus on the use of NGF application is largely limited to its use in genetically modified mesenchymal stem cell transplants [23] , biomaterial artificial 3D nerve guidance composites [24] or NGF liposomal-targeted drug delivery systems to effectively treat CNS/PNS injuries. [25, 26] . There is a need for research efforts in the identification and development of small molecule NGF mimetics, which could potentially pass through the BBB and exert neurotrophic effects within the CNS, without side effect. To date, there are only a few known NGF mimetics such as GK-2 h, which in experimental models show capacity to promote neuronal survival, differentiation and synaptic plasticity demonstrating possible application for Alzheimer's disease [27] , Parkinson's disease [28] , cerebral ischemia [29] , neural toxicity [30] or SCI [31] . The aim of the current investigation is to screen a large variety of natural plant extracts and polyphenolics, in an exploratory fashion, to elucidate substances that exert NGF mimetic effects in rat dopaminergic pheochromocytoma PC-12 cells on collagen coated plates. The findings from this study demonstrate that the aqueous extract of Mu Bie Zi, Momordica cochinchinensis seed contains inherent NGF mimetic properties, this being the only extract in the 1144 substances evaluated with this unique property.
Methods and Materials
Hanks Balanced Salt Solution (4-(2-hydroxyethyl)- 
Cell Culture
PC-12 cells were obtained from ATCC (Manassas, VA, USA). Cells were cultured in high glucose DMEM [4500 mg/L glucose] containing phenol red, 5 % FBS, 4 mM L-glutamine and penicillin/streptomycin (100 U/ 0.1 mg/mL). The cells were maintained at 37°C in 5 % CO 2 /atmosphere. Every 2-5 days, the medium was replaced and the cells sub-cultured. For experiments, cells were disbursed into a homogenous solution of singlet cells and plated at a density of approximately 0.1 9 10 5 cells/ mL on collagen-coated plates.
High-Throughput/Randomized: Double Bind Study Natural products were extracted in ethanol and polyphenolics/synthetic drugs in DMSO. Subsequent dilutions were prepared in sterile HBSS (pH 7.4) so that working solutions \0.5% solvent at the highest concentrations. All cell culture flasks, dishes and 96 well plates used in this study were pre-collagen coated, or manually coated with rat-tail collagen and sterilized. For initial screening, PC-12 cells were plated in dispersed monolayers in 96 well plates, experimental treatments were added and neurite differentiation was monitored throughout a 7-day period, with in depth imaging analysis on Day 7.
Visual microscopic observation and notation of neurite outgrowth and necrotic/dead cells was established using a grid panel notation method, without knowledge of treatment-by two independent observers, and viability was later confirmed using resazurin (Alamar Blue) indicator dye [32] . A subsequent validation screen was conducted in an identical manner, where 44 noted toxic compounds were subsequently diluted 1/10 and rescreened so that 100 percent viability was confirmed in all samples. Under these conditions, evidence of neurite outgrowth was again evaluated on the seventh day, relative to NGF treated and untreated controls. Subsequently, any potential hit (defined as any observation of neurite spindle shape or neurite outgrowth however minor) was rescreened over a dose range, followed by a final validation on the single and only substance to exert potent NGF mimetic effects; Mu Bie Zi, M. cochinchinensis seed extract in a dose dependent fashion.
Cell Viability
Cell viability was determined using resazurin (Alamar Blue) indicator dye [32] . A working solution of resazurin was prepared in sterile PBS [-phenol red] (0.5 mg/mL) and added (15 % v/v) to each sample. Samples were returned to the incubator for 6-8 h and reduction of the dye by viable cells (to resorufin, a fluorescent compound) was quantitatively assessed using a microplate fluorometer, Model 7620, version 5.02 (Cambridge Technologies Inc., Watertown, MA, USA) with settings at (550 nm/580 nm), (excitation/emission).
Neurite Outgrowth
Neurite outgrowth was measured using NeuronJ-an ImageJ (IJ 1.46r) plugin enabling the tracing and quantification of elongated neurites. Briefly, 36 images were captured using an inverted microscope (259 objective phase contrast lens), n = 6. Samples consisted of PC-12 cell (-) controls, NGF treated (?) controls and cells treated with MCS from; 0.0021, 0.004, 0.0086, 0.0173, 0.0347, 0.0694, 0.1388, 0.2777, 0.5555, and 1.111 lg/mL. Cells were manually counted (average = 340 cells per image), and neurite length and count per image were quantified. Statistical analysis from numerical data provided information on average neurite length, neurite count/cell and min/max neurite extension length in microns (lm).
Immunocytochemistry and Fluorescence Microscopy
Cells were fixed in 4 % paraformaldehyde for 15 min, and subsequently permeabilized in 0.25 % triton X-100 prepared in phosphate buffered saline (PBS) for 15 min. Briefly, stock solutions containing fluorescent probes were prepared by dissolving 5 mg/1 mL ethanol, subsequently diluted in HBSS and added to cells : final dye concentration-5 lg/mL propidium iodide (PI) and 6.6 lM (phalloidin). Photographic images reflect Alexa Fluor Ò 488 phalloidin/PI nuclear counter stain, tubulin acquired using TubulinTracker TM Oregon Green Ò 488 Taxol, bis-acetate and neurite outgrowth using Molecular Probes Ò Neurite Outgrowth Staining Kit (Life Technologies Inc.). Cytoskeletal changes were captured using live morphological imaging and immunocytochemistry on fixed permeabilized cells-using primary rabbit anti-rat neurofilament 160/200 and 200 antibodies, conjugated to goat anti-rabbit Alexa Fluor Ò 488. Samples were analyzed photographically using an fluorescent/inverted microscope, CCD camera and data acquisition using ToupTek View (TouTek Photonics Co, Zhejiang, People's Republic of China).
NGF Signaling
Signaling was evaluated using sandwich ELISA kits to assay for quantification of Akt (pS473) ? total Akt, Erk1 (pT202/ pY204) ? Erk2 (pT185/pY187) ? total Erk1/2 and Mek1 (pS217/221) ? total Mek1. Reagents were purchased from Abcam (Cambridge, MA, USA) and manufacturers protocols were adhered to. Briefly, cells were placed in lysate buffer with protease and phosphatase inhibitors and placed on ice for 30 min. Samples were frozen at-80°C, subject to two rapid freeze thaw cycles and centrifuged. In brief, cells were treated with various concentrations of NGF, or MCS for 15 min to 7 days in order to establish approximate time dependent signaling effects. The largest shift occurred in the phosphorylation of ERK around 60 min. Subsequent signaling studies were conducted (n = 4) between 0 and 60 min, where media was removed from the wells; cells were lysed and transferred to replicate wells of the ELISA kits. After linking from 2.5 h to overnight at 4°C, wells were washed and incubated with 1°antibody, follows by a wash and a 2°secondary HRP-conjugated anti-body followed by a final wash which preceded a colorimetric reaction initiated by addition of a TMB substrate solution. After 30 min, a stop solution was added and O.D. measured at 450 nm microplate reader (BioTek Instruments, Inc., Wincoski, VT, USA).
Data Analysis
Statistical analysis was performed using Graph Pad Prism (version 3.0; Graph Pad Software Inc. San Diego, CA, USA) with significance of difference between the groups assessed using a one-way ANOVA, followed by Tukey post hoc means comparison test. IC 50 s were determined by regression analysis using Origin Software (OriginLab, Northampton, MA, USA).
Results
A high through put screening of 1144 compounds: 29 plant based polyphenolics (11.12 lg/mL), 168 synthetic/control drugs (including celcoxib, ibuprofen, paclitaxel etc.) (1.112 lg/mL) and extracts of 947 commonly used herbs and spices (111.25 lg/mL) were evaluated for ability to induce neurite extension in PC-12 cells relative to a NGF control on collagen coated plates (Fig. 1a) . The initial screen was conducted twice, using double blind microscopic observations by two individuals. Toxicity was established for 44 compounds, to which the entire screening was repeated, with dilution of these (44) toxic compounds 1:10. A repeat screening for neurotrophic effects of all compounds was conducted, where no toxicity was observed for any experimental treatment [confirmed by Alamar blue (data not shown)]. Lastly, 77 compounds were retested (based on any slight evidence of neurite outgrowth) over a dose response of six concentrations (1-500 lg/mL). Of these, there was one positive hit-which caused dose dependent neurite outgrowth. While many of the compounds showed insignificant or meager neurite outgrowth-none of these were dose responsive, except for the MCS Mu Bie Zi, M. cochinchinensis seed extract (Fig. 1b) .
To establish quantitative neurite outgrowth by MCS versus NGF, 36 images were acquired and quantification parameters included total cell count/frame; total neurite count/frame; total neurite length/frame; average neurite length/frame; neurite count/cell; neurite length/cell and min and max neurite length. Groups were classified as MCS extract treated (4-138 lg/mL), negative control (-NGF) and positive control (NGF 0.5 lg/mL) ( Table 1 ). The data show that MCS induced neurite length from an average of 0.07 ± 0.02 microns (control) to 5.5 ± 0.62 microns (NGF 0.5 lg/mL) and 3.39 ± 0.45 microns (138 lg/mL) in MCS (Fig. 2a) . Also evident, were the changes in maximum neurite length (Fig. 2b) and neurite extension per cell by NGF and MCS (Fig. 2c) . The effects of MCS and NGF were similar in that neurite outgrowth was also associated with cell differentiation, elongated extension and halt of mitosis-corroborated by gradual reduction in cell count per frame.
# Classification Description
Morphological imaging also showed extensive NGF and MCS neurite development (Fig. 1b) , with major changes in structure, organization and concentration of neurofilament of 200 kD (Fig. 3a) , F-actin, combined 160/120 kD neurofilaments ( Fig. 3b) and tubulin (Fig. 3c) . A pilot test evaluating early signaling events associated with NGF and MCS included ERK phosphorylation at 60 min (Fig. 4a) , with no effects on MEK/MEK-p (Fig. 4b ) and meager phosphorylation of AKT at 5 min after NGF/MCS was added to the cells (Fig. 4c) . These findings identify a novel and unique natural compound with NGF mimetic effects, albeit the mechanism of action and constituents within need further elucidation.
Discussion
The neuro-protective/ trophic properties of NGF are well established [24, 30, 31] , albeit therapeutic applications are currently limited due to pathogenic side effects including neuropathic [4, 5] and deep tissue pain [10, 11] , atopic dermatitis [7] [8] [9] , arthritis, asthma [10, 12, 13] , intervertebral disc degeneration [14] and cancer. [15] [16] [17] Therefore, there is a need for identification of small MW neurotrophic compounds that may have therapeutic value in treatment of peripheral/CNS injury or neurodegenerative disorders, without the limitations of endogenous neurotrophins. The findings from this study indicate the infrequency of natural plant based extracts or substances to induce neurite outgrowth in the PC-12 cell model, to the exception of unique extracts such as that of M. cochinchinensis seed (MCS).
The capacity of MCS to induce neurite outgrowth in PC-12 cells is less extensive than NGF, but demonstrates a similarity in change of structural proteins such as actin, tubulin and neurofilaments as demonstrated within. Both NGF and MCS can induce morphological changes in NF200, which plays a critical role in preventing axonal neuron degeneration after brain [33] , or spinal cord injury [34] and used to evaluate the efficacy of neurological therapies [35, 36] . NGF signaling by a mimetic is likely to induce cellular reorganization/elongation of cytoskeletal microtubules (formation of neuritic shafts) and development of filopodia/lamellipodia with flexible growth cones that extend along a biological matrix (e.g. collagen). [37] [38] [39] Internal signaling associated with these outward manifestations, include phosphorylation of tropomyosinrelated kinase receptor (Trk) (A-C), the subsequent early rise in pERK (1/2)/cAMP signaling, late phase endosomal internalization of the TrKA receptor complex [40] [41] [42] [43] and stimulation of microtubule binding proteins which act on tubulin polymers, F-actin microfilaments and G-actin tetramers. [44, 45] The data from this study suggest that neither NGF or MCS extract had an effect on pMEK, only a slight early (5 min) elevation of pAKT with pronounced effects on pERK1/2 at about 60 min. Likewise, research throughout the literature is fairly consistent reporting the NGF invoked rise in pERK1/2 [46] [47] [48] [49] and pAKT [47] [48] [49] as well as cAMP [50, 51] ,protein kinase A, pCREB [46] [47] [48] [49] with inconsistent reports for p38MAPK. [49] Future research will be required to evaluate these signaling pathways in the presence of MCS. While rapid early signaling events control the initial impact of NGF, clearly neurite outgrowth is a lengthy process in PC-12 cells-occurring over a 3-7 days period. It is believed that long term signaling effects involve NGFTrkA endocytosis into endosomes with Rab22GTPase [40] [41] [42] [43] 52 ] and a stabilizing protein such as coronin-1 [53] , which can then initiate restructure of the membrane cytoskeleton in conjunction Rho GTPase Rac1, cdc42 and Tc10. [54, 55] These processes, while not investigated in the current study, are believed to be integral to initial formations of lamellipodia, filopodia or stress fibers. [37] [38] [39] , which are subject to retraction and polymerizing of F-actin involved with neurite outgrowth [44, 45] . In addition, there are hundreds of actin binding proteins (ABPs) that assist in this process, with specific roles in F-actin crosslinking, severing, polymerization (growth), retraction and end capping at the growth cones. ABP concentrations highly abundant in growth cones consists of Arp2/3, ccdc8, cortactin, GAP-43 or syntaxin 6 [56] responsible for neurite extension elongation [31, 57] . Other wide type images. Significant differences from the control were evaluated using a one-way ANOVA, with a Tukey post hoc test, *P \ 0.05. c Effects of MCS relative to NGF on neurite outgrowth in PC12 cells at 7 days. The data represent average # neurites/# cells per image-and are expressed as the mean ± SEM, n = 6 images. Significant differences from the control were evaluated using a one-way ANOVA, with a Tukey post hoc test, *P \ 0.05
Neurochem Res (2015) 40:2102-2112 2107 extensions often observed in NGF-treated PC12 cells termed ''varicones'' are concentrated in proteins such as synaptophysin, calpain2, syntaxin. [58] .
Although, future research will be required on MCS extract, we do know that the seeds are orange/red in color due to lycopene [59, 60] and it has significant concentration of triterpenoidal saponins, gypsogenin and quillaic acid glycosides [61] and low MW cell penetrating dipeptides [62] such as cochinin B (28 kDa) [63] and M. cochinchinensis trypsin inhibitor I (MCoTI-I) and 2 (MCoTI-II). [64] MCoTI-II belongs to the cyclotide family of plant-derived cyclic peptides that are characterized by a cyclic cystine knot motif [65, 66] known to be thermally and chemically stable, and resistant to enzymatic degradation. [67, 68] MCS derived cyclic knottins share similar conformational form as noncyclic squash inhibitors such as CPTI [69] and NGF [70] . While NGF medicinal applications are limited, natural NGF mimetics such as those found in the MCS extract are generally robust in therapeutic properties previously reported to have anti-viral, [71, 72] anti-angiogenic, anti-tumor [73] anti-inflammatory and anti-oxidant properties [63] and an ability to enhance innate immunity [74, 75] , aid in wound healing [76] and heal gastric ulters. [77] .
Conclusions
In summary, these findings suggest that aqueous extract of M. cochinchinensis seeds exert NGF mimetic effects, through early pERK signaling and morphological changes in structural proteins associated with neurite branching and Significant differences from the control were evaluated using a oneway ANOVA, with a Tukey post hoc test, *P \ 0.05. b Early MEK signaling of NGF versus MCS exposure to PC12 Cells. The data represent relative Total MEK and pMEK at 60 min. The data are expressed as the mean ± SEM, n = 4. Significant differences from the control were evaluated using a one-way ANOVA, with a Tukey post hoc test, *P \ 0.05. c Early AKT signaling of NGF versus MCS exposure to PC12 Cells. The data represent relative Total AKT and pAKT at 5 min. The data are expressed as the mean ± SEM, n = 4. Significant differences from the control were evaluated using a oneway ANOVA, with a Tukey post hoc test, *P \ 0.05 outgrowth. Future research will be required to evaluate if known small MW peptides containing a similar cystine knot motif to that of NGF, are responsible for these effects and if so-further developments could lead to a therapeutic drug application of NGF mimetics within to enhance recovery of peripheral and central nervous system injuries.
